tin agents would be used mostly in adults, it is important to know more about what happens to mature muscles after loss of myostatin activity. Microarray technology enables a broad overview of the impact of treatments on expression of all known genes, and already this technology has been used to examine the effects of constitutive myostatin deficiency in mice and cattle (4, 20, 24) . However, it should not be assumed that loss of myostatin activity after maturity has the same effects as constitutive myostatin deficiency. We therefore used comprehensive oligonucleotide arrays to examine the effect of postdevelopmental myostatin depletion on the gene expression profile of skeletal muscle.
METHODS
Mice with postdevelopmental knockout of floxed myostatin exon 3 (Mstn f/f ), via tamoxifen-induced Cre recombinase, have been described previously (32) . Both the Mstn f/f (n ϭ 5 males) and control mice (Mstn w/w , n ϭ 5 males) had a Cre recombinase transgene and received a series of tamoxifen injections over a 2 wk period to activate the Cre recombinase when they were 4 mo of age. Based on an estimated myofibrillar protein half life of 3 wk in mature mice (31) , we assumed that most of the effect on muscle mass had occurred within 3 mo (4 protein half-lives) after tamoxifen, so the mice were killed for analysis of muscles at that point. The research was approved by the University of Rochester animal research committee.
Mice were killed by CO 2 inhalation until cessation of breathing, followed by cervical dislocation. Gastrocnemius muscles were immediately removed and immersed in liquid N 2. Quadriceps muscles were then removed and either immersed in liquid nitrogen (for hydroxyproline assays) or frozen in cold isopentane (for histological analysis). Muscles were stored at Ϫ70°C.
RNA was extracted from the frozen gastrocnemius samples with TRIzol (Invitrogen) as recommended by the manufacturer. The amount recovered was quantified by UV light (260 nm) absorbance with a Nanodrop spectrophotometer, and was not significantly different between knockout and control mice. RNA preparations were of high quality as reflected by A260/A280 ratios of ϳ1.9 and intact 18S and 28S ribosomal RNA according to Bioanalyzer (Agilent) analysis.
Total RNA was converted to biotin-labeled, fragmented cDNA with kits from NuGEN Technologies (Ovation Amplification System V2, FL-Ovation cDNA Biotin Module 2) according to the manufacturer's protocols. The cDNA was hybridized overnight with Mouse Genome 430 2.0 arrays (Affymetrix) as recommended by NuGEN. Arrays were washed, stained with a fluorescent dye that binds to biotin (streptavidin, R-phycoerythrin conjugate), and scanned as recommended by Affymetrix (GeneChip Expression Analysis Technical Manual) using instruments from Affymetrix (Fluidics Station 450, Scanner 3000).
Array normalization and background subtraction were done with the GCRMA procedure (38) . The microarray image (cel) files and normalized data for all probe sets are available at the GEO website under accession number GSE15349 (www.ncbi.nlm.nih.gov/geo). Noninformative probe sets, defined as those for which three or more of the samples of the genotype with higher mean expression had no significant difference between perfect-match and mismatch probes at P Ͻ 0.10 according to the Affymetrix "detection P" test, were eliminated from the analysis. Nominal P values for differences between Mstn f/f and Mstn w/w mice were determined by t-tests. The significance analysis of microarrays (SAM) method (27) was used to estimate false discovery rate (FDR). Gene set enrichment analysis (GSEA) was used to explore the data for overall trends of upregulation or downregulation of sets of genes defined either by shared biological processes (302 sets after limiting analysis to sets with at least 15 members) or shared promoter motifs (586 sets). With this method (25) , each gene set receives an enrichment score that reflects whether the genes within the set tend to be upregulated or downregulated. "Leading-edge" genes are those that have a positive impact on the enrichment score. FDR values are computed from the distribution of enrichment scores generated by permutations of the class labels (i.e., genotypes in this study).
For quantitative RT-PCR, reverse transcription with random hexamer priming was done with the Applied Biosystems high capacity kit. PCR was done in triplicate with a 7900HT thermal cycler/fluorescence detector (Applied Biosystems) using the recommended cycling conditions. Taqman assays for Col1a2 (Assay ID Mm00483937_m1), Nos1(Assay ID Mm00435175_m1), Ddah1 (Assay ID Mm01319453_m1), and Gapdh (catalog number 4308313) cDNAs were purchased from Applied Biosystems. Primers and probe for Myh7 cDNA have been published (identified as myosin heavy chain type 1) (32) . Gapdh mRNA was selected as an appropriate reference gene for this study based on the fact that several microarray probes showed differences of Ͻ5% between Mstn f/f and Mstn w/w mice. Hydroxyproline levels in gastrocnemius and quadriceps muscles were measured as an index of collagen content. Muscles were minced and warmed to 60°C in 1 M KCl to dissolve myofibrils. Soluble proteins were removed by aspiration. The insoluble pellets were washed twice with water, dried by vacuum centrifugation, and hydrolyzed in 6 N HCl overnight at 105°C. Concentrations of hydroxyproline in the hydrolyzates were determined by a colorimetric method (37) .
Western blots for promyostatin levels in gastrocnemius muscles were performed as described by Anderson et al. (2) with an antibody purchased from R&D Systems (AF1539). The initial blot was done with samples reduced with 5% 2-mercaptoethanol (95°C for 10 min). Subsequently, nonreducing conditions were used (samples heated in Laemmli buffer at 55°C for 10 min with no reducing agent) because the sensitivity was better with nonreduced than with reduced homogenates. Blots were blocked with 5% Blotto. Antibody dilutions were 1,000:1 in 5% BSA for the AF1539 primary antibody and 1,000:1 in 5% Blotto for the anti-sheep IgG-HRP secondary antibody (R&D Systems HAF016). The secondary antibody was detected by chemiluminescence (Pierce SuperSignal West Dura kit).
Histochemical analysis of mitochondrial enzymes (succinate dehydrogenase, SDH; cytochrome oxidase, COX) was done with cryosections of quadriceps muscles (10 m thickness). Cryosections also were stained for glycogen (periodic acid-Schiff, PAS). Histological analyses were done with established methods (7) . Immunofluorescence with an anti-caveolin antibody was used to define sarcolemmal membranes for computation of muscle fiber cross-sectional areas (32) .
RESULTS AND DISCUSSION
Efficacy of postdevelopmental myostatin knockout. As reported previously (32) , Mstn f/f mice treated with tamoxifen lost Ͼ99% of their myostatin mRNA in gastrocnemius muscle within 5 days after tamoxifen treatment. The Mstn gene encodes promyostatin, from which the active domain of myostatin is cleaved. Promyostatin appears to be the predominant form of myostatin protein in murine skeletal muscle (2) . Promyostatin levels were undetectable in Mstn f/f mice within 2 wk after the end of tamoxifen treatment (earliest time point examined) and remained undetectable for Ͼ6 mo after treatment ( Fig. 1) . We could not quantify loss of the active myostatin fragment because only nonspecific bands (i.e., bands present in samples from mice with constitutive myostatin knockout) appeared on immunoblots with several anti-active domain antibodies (JA16, donated by Wyeth Pharmaceuticals; Chemicon AB3239; Santa Cruz SC-6884; Novus NB 100 -281; Bethyl A300 -401A; R&D Systems AF788). This does not mean that active myostatin is not present in normal muscle tissue, only that levels are below the sensitivity of standard immunoblots with these antibodies.
Muscle mass increased an average of 26% in Mstn f/f mice over the 3 mo period after tamoxifen treatment (24% increase in gastrocnemius mass, 28% increase in quadriceps mass) and did not change significantly after tamoxifen treatment in Mstn w/w mice (1% increase in gastrocnemius mass, 3% increase in quadriceps mass). The mean cross-sectional area of ϳ1,000 fibers from quadriceps of five mice with postdevelopmental myostatin knockout was 29% greater than the mean value of ϳ1,000 fibers from five control mice.
Number of differentially expressed genes. At FDR Ͻ5% by the SAM procedure, 67 probe sets indicated differential expression in postdevelopmental-knockout versus control mice Fig. 1 . Western blots demonstrate permanent knockout of promyostatin within 2 wk after administration of tamoxifen (TMX) to Mstn f/f mice (f). Agematched Mstn w/w mice (w) received the same regimen of tamoxifen to induce Cre recombinase activity. Top 2 blots were done with muscle protein samples in which nonglycosylated proteins were removed with concanavalin A (2). Samples in bottom blot were not processed with concanavalin A. Samples used for top and bottom blot were not reduced, and bands are at expected location for propeptide dimer. Samples used for middle blot were reduced, and bands are at expected location for propeptide monomer. Memcode staining was done to confirm even loading and transfer of proteins. Locations of prestained standards (Benchmark, Invitrogen) are denoted by the corresponding molecular weights (kDa).
(the number of affected probe sets is slightly larger than the number of affected genes because of replicate probe sets for some genes). At nominal P Ͻ 0.01 by t-tests, 516 probe sets indicated differential expression (these are listed in Supplemental File 1 1 ). FDR at nominal P ϭ 0.01 was ϳ22%. At nominal P Ͻ 0.05, 1,855 probe sets indicated differential expression, but the estimated FDR was very high (ϳ45%).
Most of the differences were modest in magnitude (Fig. 2 ). Of the 516 differences at nominal P Ͻ 0.01, only 7.2% were Ͼ2-fold; 76% of the differences were Ͻ1.5-fold, and 31% were Ͻ1.2-fold.
Steelman et al. (24) reported that Ͼ2,000 genes were differentially expressed (FDR Ͻ5%) in pectoral muscles of young mice with constitutive myostatin knockout versus age-matched control mice (13% Ͼ2-fold, 34% Ͼ1.5-fold, 87% Ͼ1.2-fold). This is far more than the number of affected genes (at the same statistical stringency) in the present study. Because pectoral and gastrocnemius muscles have the same degree of excessive growth in mice with constitutive myostatin knockout (14) , and both are primarily fast-twitch muscles, it is unlikely that the vast difference in the number of differently expressed genes in these studies can be explained by examination of different muscles. A more likely explanation is that lack of myostatin during development affects the expression of more genes than does loss of myostatin after maturity. Another factor that contributes to the greater number of effects in the study of Steelman et al. is that they examined replicate arrays after pooling RNA from several mice of each genotype. Hence the within-genotype variance was smaller because mouse-tomouse variability was not included as a source of variance.
Genes encoding proteins involved in muscle contraction. Genes encoding slow isoforms of several contractile proteins are downregulated 4-to 10-fold in pectoral muscle of mice with constitutive myostatin deficiency ( Table 1) . A similar reduction in Myh7 gene expression (this gene encodes the slowest myosin heavy chain isoform, type 1) was observed by real-time PCR in extensor digitorum longus (EDL) muscle of 6-month-old mice with constitutive myostatin knockout, and a twofold reduction was observed in soleus muscle (10) . The decline in Myh7 expression in soleus corresponded to a reduced number of type 1 fibers. Reduced MYH7 expression (about fivefold) also was observed in muscles of myostatindeficient late bovine fetuses (4). Although Myh7 and other genes encoding slow isoforms of contractile proteins had modestly lower mean expression in mice with postdevelopmental myostatin knockout, none of the effects was statistically significant (Table 1 ). This result is consistent with the observation that administration of an anti-myostatin antibody to mice for 12 wk (starting at 10 wk of age) did not alter the pattern of expression of the genes encoding different isoforms of myosin heavy chain (10). Thus, unlike constitutive lack of myostatin, loss of myostatin activity in mature muscle does not significantly reduce the expression of genes encoding slow isoforms of contractile proteins.
When EDL muscles are stimulated directly ex vivo, there is a deficit in the amount of force generated per unit of muscle cross sectional area in mice with constitutive myostatin deficiency (1, 17) . This deficit might be caused by an abnormal angle of pennation of the fibers due to the double muscling (17) . An abnormal angle of pennation is less likely to be problematic with the more modest muscle growth after postdevelopmental loss of myostatin. After several weeks of antimyostatin antibody treatment, normal mice have increased grip strength, but the percent increase in strength is less than the percent increase in muscle mass (34) . Although this result could mean that the enlarged muscles generated less force per unit of cross-sectional area during grip strength testing, such testing depends on the motivation of the mouse to hold the bar tightly and therefore does not assess maximum force-generating capacity. We did not observe any gene expression changes that would be expected to influence contraction force, with the possible exception of reduced expression of two genes, Nos1 and Ddah1, involved in nitric oxide (NO) synthesis. Nos1 encodes neuronal nitric oxide synthase (also known as nNOS or NOS-I), a sarcolemmal protein that catalyzes synthesis of NO from arginine. Nos1 mRNA expression was 69% of normal (P Ͻ 0.01) after myostatin depletion. Ddah1 encodes dimethylarginine dimethylaminohydrolase 1, which metabolizes asymmetric dimethylarginine, an inhibitor of NOS. Ddah1 mRNA expression was 50% of normal (P Ͻ 0.001) after myostatin depletion. Reduced expression of these genes was confirmed by real-time PCR (Nos1/Gapdh mRNA ratio 60% of normal, P Ͻ 0.0001; Ddah1/Gapdh mRNA ratio 40% of normal, P Ͻ 0.0001). Moreover, short-term (4 day) inhibition of myostatin activity with an antibody (33) reduced Nos1 and Ddah1 expression (Nos1 expression 63% of normal; Ddah1 expression 45% of normal, P Ͻ 0.005 for both genes). Pharmacologic inhibition of NO synthesis reduces muscle twitch force (8) , so if reduced expression of Nos1 and Ddah1 reduces NO production it is possible that this could impair the capacity for force generation. Increased fatigability is another potential consequence of reduced NO production (11, 19) . However, genes encoding other isoforms of NOS were not differentially expressed, and we did not determine whether the NO production 1 The online version of this article contains supplemental material. Fig. 2 . Distribution of gene expression differences between myostatin-knockout (KO) and normal muscles, according to magnitude of mean difference (x-axis is log2 of KO:normal ratio) and nominal P according to t-tests (negative log10 of P value is shown). Each circle represents the mean difference for a single probe set. The total number of probes sets included in the analysis after filtering out noninformative probes (see text) was 32,462. FDR, false discovery rate.
was reduced after myostatin depletion. Dynll1, another gene downregulated after myostatin depletion (70% of normal expression, FDR Ͻ5%), encodes a protein (dynein light chain LC8-type 1) that inhibits nNOS activity (39) . Reduced Dynll1 expression could counteract any effect that reduced expression of Nos1 and Ddah1 might have on NO production.
Genes encoding mitochondrial proteins and other proteins involved in energy metabolism. Constitutive myostatin knockout reduces the number of oxidative fibers (assessed by histochemical staining for SDH activity), the number of mitochondria per unit cross-sectional area, the amount of mitochondrial DNA, and expression of genes involved in mitochondrial electron transport and energy metabolism (1, 10, 24) . We therefore analyzed a group of 938 probe sets that target transcripts encoding mitochondrial proteins (based on annotations provided by Affymetrix, which were obtained from Gene Ontology, GenMAPP, and KEGG databases) by the SAM procedure. As illustrated in Fig. 3 , there was no evidence for overall downregulation of this group of genes after myostatin depletion. Only two genes showed reduced expression after myostatin depletion at nominal P Ͻ 0.01, and both effects were modest in magnitude (7% decrease in expression of Psap, 19% decrease in expression of Htra2). Neither of these genes encodes a protein directly involved in energy metabolism (see Table 2 for comments on gene function). Four genes in this group were modestly (Ͻ1.4-fold) upregulated at FDR Ͻ 5% (Hibch, Glul, Cyb5b, Acadsb). Only one was upregulated more than twofold (LOC632297), and this is a chromosome 1 gene that might have been affected by its proximity to the Mstn locus rather than a specific effect of myostatin depletion (more on this issue below).
Ppargc1a (Table 2 ) encodes a protein that is a key regulator of mitochondrial biogenesis. In mice with constitutive myostatin knockout, this gene is downregulated 1.5-fold (24) . Mice with postdevelopmental knockout expressed Ppargc1a at a normal level (P ϭ 0.43 vs. control mice).
Several hundred probe sets had annotations relating the target transcripts to glucose, glycogen, or fatty acid metabolism. There was some overlap of this list with the mitochondrial category discussed above. No gene in these categories was downregulated at nominal P Ͻ 0.01, and only three were modestly (Ͻ1.25-fold) upregulated (Ppp1r3c, Acsl1, Acadsb; see Table 2 for comments on functions of these genes).
The failure of postdevelopmental myostatin depletion to influence genes encoding mitochondrial proteins is consistent with the report that several weeks of administration of an anti-myostatin antibody in adult mice did not affect SDH activity (histochemical method) (10) . Histochemistry of quadriceps sections from mice examined in the present study (representative sections shown in Supplemental File 2) confirmed that there is no deficit in SDH activity after myostatin depletion. Moreover, sections stained for COX activity and glycogen (PAS) were consistent with the conclusion that loss of myostatin did not lead to metabolic changes in muscle.
Genes encoding collagen. Myostatin increases expression of several collagen genes and promotes collagen synthesis in cultured myotubes, C3H10T1/2 cells, and muscle fibroblasts (3, 12, 17) . Total collagen abundance, as reflected by hydroxyproline content, is reduced in mature mice with constitutive myostatin knockout (17) . In myostatin-deficient bovine fetuses, expression of three collagen genes (COL1A1, COL1A2, COL3A1) was reduced more than twofold (4). How- (24), in which the same microarray platform used in the present study was used to examine RNA from pectoral muscles of 5 wk old mice. P refers to significance of difference between knockout and control groups by t-tests without adjustment for multiple comparisons. Fig. 3 . Subset of data from Fig. 2 ; 938 probes targeting transcripts encoding mitochondrial proteins. ever, Steelman et al. (24) did not observe reduced expression of collagen genes in pectoral muscles of young mice with constitutive myostatin knockout. In adult bulls with a myostatin promoter polymorphism that reduced myostatin expression ϳ1.5-fold, expression of COL1A2, COL6A1, and COL6A3 was modestly increased (20) .
In the present study, myostatin depletion led to reduced expression of 11 collagen genes at nominal P Ͻ 0.01 (Table 3) . The effect on Col1a2 gene expression was confirmed by quantitative PCR (Col1a2/Gapdh mRNA ratio 56% of normal, P Ͻ 0.02). Six other collagen genes were expressed at a lower level after myostatin depletion at nominal P Ͻ 0.05 (Col4a2, Col4a5, Col5a3, Col8a1, Col12a1, Col22a1). Two other genes involved in extracellular matrix formation also were expressed at lower levels after myostatin depletion: Eln (Ϫ43%, P Ͻ 0.01) and Pcolce (Ϫ34%, P Ͻ 0.01) ( Table 2) .
The five most abundant collagen mRNAs according to fluorescence intensities on the microarrays (Col1a1, Col1a2, Col3a1, Col4a1, and Col4a2) all were downregulated in mice with postdevelopmental myostatin knockout. Those most affected by loss of myostatin (Col1a1 and Col1a2) encode the proteins of type I collagen, which is a major component of the endomysium and perimysium of skeletal muscle (13) . The decline in expression of mRNAs encoding type III and type IV collagens (Col3a1, Col4a1, Col4a2) was only half as much as the decline in Col1a1 and Col1a2 expression. Like type I collagen, type III is major component of endomysium and perimysium. Type IV collagen is a component of the basement membrane surrounding muscle fibers (13) .
Hydroxyproline levels in protein hydrolyzates of gastrocnemius and quadriceps muscles, an index of collagen abundance, were 25-30% less in myostatin-deficient mice (Fig. 4) . This effect is much less than the 75% reduction in hydroxyproline content of EDL muscles of mice with constitutive myostatin deficiency, but similar to the 24% reduction in hydroxyproline in soleus muscles of these mice (17) .
In situ hybridization has indicated that the mRNAs encoding type I and type III collagens in muscle tissue are produced mostly in fibroblasts (35, 36) . Thus, if the total mRNA concentration within muscles remains constant while they increase in size, and the total number of muscle fibroblasts remains constant or declines (12) , then there should be reduced colla- gen mRNA expression (normalized to total tissue mRNA) simply because fibroblast mRNA is a smaller proportion of the total. It is not possible to quantify based on the available information the extent to which this factor explains the decline in collagen gene expression after myostatin depletion. This proportion may vary for different collagen genes depending on the extent to which the genes are expressed in fibroblasts versus muscle fibers or other types of cells.
The amount of collagen that surrounds a muscle fiber or fascicle is proportional to the circumference of the fiber or fascicle. Circumference is proportional to fiber diameter, whereas overall size (cross-sectional area) is proportional to the square of the diameter. Thus, muscle fiber growth should cause some reduction in the amount of collagen per mg tissue if normal collagen levels in the extracellular matrix and normal interstitial spaces are maintained. However, we would have expected a decline of only ϳ11% in the amount of collagen per mg tissue based on fiber hypertrophy alone (see Supplemental File 3 for assumptions and calculations). The observed decrease in hydroxyproline abundance was greater than this, suggesting that muscle fibers and/or fascicles were surrounded by less collagen after myostatin depletion.
Effects of large magnitude (twofold or more). All of the genes affected more than fourfold (nominal P Ͻ 0.01) were chromosome 1 genes near enough to the Mstn locus that the effects probably are related to the gene targeting method rather than loss of myostatin activity. This issue is discussed in a separate section below. Three of the genes downregulated about twofold, Col1a1, Col1a2, and Ddah1, were mentioned above. Only a few other annotated genes not located in chromosome 1 were downregulated twofold or more: Zmynd17, Fam19a5, Cercam, Btbd11, Rrad, Myl4, Pmepa1, Sult5a1, and Krt18 (Table 2) . Even fewer annotated genes not located in chromosome 1 were upregulated twofold or more: Dntt, Zfp318, Ccl25, Reep6, Rhpn2, Npnt, and Cdh4 (Table 2) . For the most part, the potential impact of altered expression of these genes on muscle phenotype cannot be predicted based on current knowledge of the functions of the encoded proteins. Pmepa1 encodes a protein that inhibits androgen receptor protein expression in prostate cancer cells. If it has a similar action in muscle, it is possible that reduced Pmepa1 gene expression could promote muscle growth by enhancing sensitivity to the anabolic effect of testosterone. Zfp318 encodes a protein that can modulate the effect of the androgen receptor on gene transcription, depending on the splice variant (26) . Rrad encodes the GTPase Rad (Ras associated with diabetes). Raddeficient mice have increased susceptibility to cardiac hypertrophy caused by activation of CaMKII, but baseline cardiac mass is normal (5) . Whether Rad has a role in skeletal muscle hypertrophy is not known.
GSEA. GSEA identified downregulation (FDR Ͻ5%) of three curated pathway gene sets: "extracellular matrix-receptor interaction," "cell communication," and "intrinsic pathway." All three of these sets had a high proportion of collagen genes among the leading-edge genes. No other process/pathway gene sets were influenced at FDR Ͻ5%.
Nine promoter motif gene sets were downregulated (FDR Ͻ5%) after myostatin depletion (Table 4) . Except for Smad4, the transcription factors that might be responsible for these effects have not been linked previously to myostatin. TGF-␤ increases expression of one of these transcription factors, Foxj1, in T cells (23) , but the only microarray probe for Foxj1 mRNA indicated that it is not expressed in muscle. The reduced expression of a Smad4 promoter motif gene set is consistent with the fact that Smads are involved in myostatin signaling (21) . Smad4 participates in transcriptional regulation after forming a complex with phosphorylated Smad2 or Smad3 (9) . A Smad3 promoter motif (TGTCTGTCT) gene set also showed a trend (FDR ϭ 11%) for downregulation after myostatin depletion. Smads promote the transcription of collagen genes (29) , so reduced Smad activity after myostatin depletion is the likely explanation for reduced collagen gene expression. The minimal Smad binding element is 5Ј-GTCT-3Ј (or its reverse complement 5Ј-AGAC-3Ј), but other DNA sequences can bind Smads (9) . Because the GSEA promoter motif database does not include sequences with fewer than six bases (40) , there are no gene sets linked to this minimal element. Affinity of Smads for the minimal binding element is low, and generally the Smads affect transcription by forming complexes with other transcription factors that have high affinity DNA binding (9) . Thus, even though Smads are not known to bind to most of the motifs listed in Table 4 , they might interact with other transcription factors that have a high affinity for these motifs. Some effects could be consequences of the gene targeting method rather than myostatin depletion. Interpretation of gene targeting experiments can be complicated by strain differences if the embryonic stem cell strain used for gene targeting (129S6/SvEvTac in this study) and the background strain (C57BL/6 in this study) are not the same (28) . Even 10 crosses into the background strain may be insufficient to eliminate DNA polymorphisms near the targeted gene. Moreover, cisacting effects of the Cre-mediated DNA deletion might affect gene expression. Thus we examined whether chromosome 1 genes near Mstn were more likely to be differentially expressed than genes on other chromosomes. The number of differentially expressed genes at nominal P Ͻ 0.01 on chromosome 1, relative to the number of probes sets for this chromosome, was more than twofold greater than the number expected from the overall average across all chromosomes (P Ͻ 10 Ϫ8 by 2 test). A poorly annotated transcript from a locus within 10 Mb of Mstn had the largest difference in gene expression (12-fold) between the control and postdevelopmental-knockout mice. Of the 34 genes with the largest expression differences (more than twofold in magnitude and nominal P Ͻ 0.01), 12 were located within ϳ50 Mb of the Mstn locus. A small percentage of the DNA on other chromosomes could have had 129S6/SvEvTac polymorphisms when we started inbreeding the Mstn f/f line. It is possible that a few differences in gene expression could be related to this factor rather than the loss of myostatin.
General Discussion
Myostatin knockout induced after development affects the expression of fewer genes than does constitutive myostatin knockout. Most of the genes that are affected by postdevelopmental myostatin depletion have only modest changes in expression (Ͻ1.5-fold). These results do not raise concerns that inhibiting myostatin activity would have adverse effects related to abnormal expression of genes encoding proteins involved in energy metabolism or muscle contraction. A possible exception to this conclusion is the reduced expression of two genes involved in NO production. If studies of force generation or fatigability in these mice reveal any deficits associated with myostatin deficiency, NO production could be increased pharmacologically to determine whether deficits are reversed.
Loss of myostatin reduced the expression of several collagen genes and reduced the amount of collagen per mg muscle tissue. In some settings, such as muscular dystrophies or muscle injuries in which there can extensive fibrosis, reduced collagen production could be beneficial. However, if myostatin inhibition were to be used in an attempt to counteract atrophy that is not associated with fibrosis, the reduced collagen production might weaken the endomyium or perimysium and render muscles more susceptible to damage induced by stretch (17) .
A potential value of microarray studies is the discovery of novel biomarkers. Molecular markers of reduced myostatin activity could be useful to study new agents that might be developed to inhibit myostatin activity. Use of molecular markers could shorten the time needed to determine appropriate doses in preclinical or early clinical trials, since it might take several weeks for muscle mass to change significantly after myostatin activity is suppressed. Ideally, a biomarker is affected within a short period of time, is affected persistently, and is affected to a large enough extent that detecting a change is not too challenging. For mRNA biomarkers, this means that the effect should be roughly twofold or more. The present study, together with microarray data describing the early ef- Promoter motifs were defined as 6-base or longer sequences conserved in promoters (within 2 kb of transcription start sites) across different mammalian species (40) . Potential transcription factors were derived from the TRANSFAC database, but it is possible that other factors bind to these sequences. Leading edge genes are those that contribute to the enrichment score generated by the gene set enrichment analysis (GSEA) method. Note that most of the leading edge genes are not differentially expressed at nominal P Ͻ 0.01. fects of inhibiting myostatin with an antibody (33) and microarray data describing gene expression in growing mice with constitutive myostatin knockout (24) , points to Ddah1 mRNA as a candidate biomarker. Remarkably, Ddah1 is the only gene affected twofold or more at P Ͻ 0.01 in all three of these studies. Moreover, the effect has been prospectively confirmed by PCR in Mstn f/f mice in which a different Cre recombinase transgene was used to knock out myostatin after normal muscle development (unpublished data). Whether or not reduced expression of the Ddah1 gene has any functional significance, Ddah1 appears to be the best "reporter gene" for detecting loss of myostatin signaling.
